The most abundant protein of the brain capil lary, which makes up the blood-brain barrier (BBB) in vivo, is a protein that migrates at a molecular weight of approximately 46 kDa on sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE). The bovine brain capillary 46kDa protein was purified by SDS-P AGE and Sephadex G-25 gel filtration. The puri fied protein migrated as a single band of molecular weight of approximately 42,000 Da on subsequent SDS-PAGE followed by silver staining. The protein was digested by trypsin and tryptic peptides were analyzed by reverse phase high-performance liquid chromatography (HPLC). Two of these peptides, 11 and 18 amino acids in length, were sequenced and found to be identical to amino acid sequences corresponding to portions of cytoplasmic ac-
The blood-brain barrier (BBB) arises from epi thelial-like high resistance tight junctions that ad join cerebral capillary endothelium in virtually all vertebrates (Brightman, 1977) . By regulating the trafficking of nutrients, hormones, drugs, and com ponents of the circulating immune system, the BBB acts as a major interface between brain and blood (Pardridge, 1988) . A detailed understanding of BBB function will require molecular characterization of proteins comprising the brain capillary endotheli um. Strategies for isolating brain capillary endothe lial protein differ depending on whether the function of a given protein is known. If the function is un known, one strategy is to isolate the major proteins tin. The SDS-P AGE gel-purified 46kDa protein was also subjected to limited proteolysis using S. aureus V8 pro tease, and this resulted in the formation of a prominent 31kDa doublet as well as smaller proteolytic fragments, and these fragments were of identical molecular weight to those generated from limited proteolysis of bovine actin. Electron microscopic immunoperoxidase studies with primary cultures of bovine brain capillary endothelium showed that immunoreactive actin is intimately associ ated with the plasma membranes. In conclusion, the brain capillary 46kDa protein is cytoplasmic actin and is local ized to the endothelial plasma membrane. Modulations of brain capillary endothelial actin may play a role in the regulation of BBB permeability. Key Words: Blood-brain barrier-Microcirculation-Tight junctions.
in the brain capillary identified by techniques such as sodium dodecylsulfate-polyacrylamide gel elec trophoresis (SDS-PAGE) (Pardridge et al., 1989) . Previous studies from this laboratory have shown that the quantitatively most abundant protein in the brain capillary on SDS-PAGE is a protein of mo lecular weight of approximately 46,000 Da (Par dridge et aI., 1986) . Therefore, the purpose of the present study was to purify the brain capillary 46kDa protein and to characterize the purified pro tein by amino acid composition analysis, amino acid sequencing, and partial proteolysis. Since the re sults show that the 46kDa protein is cytoplasmic actin, these studies also examined whether actin was localized to the plasma membrane of brain cap illary endothelium.
MATERIALS AND METHODS

Materials
Anti-chicken muscle actin (A-2668), bovine muscle ac tin (A-3653), and other reagents were obtained from Purification of brain capillary 46kDa protein Microvessels were isolated from fresh slaughterhouse bovine brain cortex as described previously (Pardridge et al. , 1985) . Microvessels (-20-25 mg of protein) isolated from -100 g of bovine cortex were resuspended in 8 ml of SDS sample buffer and applied in 0. 13 ml aliquots to 11 lanes each of four 12% 3. 0 mm polyacrylamide gel slabs. BioRad low molecular weight markers were analyzed in parallel lanes. Following SDS-PAGE using the method of Laemmli (1970) , the lane containing the molecular weight markers and one lane containing the bovine brain capil lary proteins were separated from the gel and stained with Coomassie blue as described previously (Pardridge et al. , 1986) . The 46kDa protein in the unstained portion of the gel was then removed by excision under guidance with the lane of stained brain capillary proteins. The 46kDa band from 40 lanes was placed in 3 ml of 0.05M Na2HP04 (pH 7. 4) containing 0. 2 mM EDTA and 10 mM f3-mer captoethanol, and the gel was cut into 2 mm pieces and homogenized by extrusion through a syringe, and incu bated overnight at 4°C. Following three freeze-thaw cy cles with liquid nitrogen, the sample was centrifuged at 1,000 g at 4°C for 10 min, and the supernatant was de salted over an 0. 7 x 45 cm column of Sephadex G-25 in 0.02M ammonium carbonate (pH 8.0). An aliquot of this was reapplied to a 12% 1.5 mm SDS-polyacrylamide slab gel and was stained with the silver technique (Merril et al. , 1981) . Another portion was evaporated to dryness and hydrolyzed in 6N HCl under vacuum for amino acid composition analysis using the Water's Pi co-Tag tech nique (Bidlingmeyer et al. , 1984) . The A280 void volume peak from the G-25 column was also analyzed for protein using the Micro BCA Protein assay (Smith et al., 1985) and -100-150 ILg of the 46kDa protein was recovered.
Amino acid sequencing
Protein from the G-25 void volume peak was concen trated by evaporation and subjected to automated se quence analysis on the City of Hope built gas phase se quencer as described previously (Hawke et al. , 1985) . Initial analysis showed no sequence suggesting blockage of the N-terminus, possibly due to purification from SDS polyacrylamide gels (Hunkapiller et al. , 1983) . Therefore, the sample was dissolved in 0. 2M ammonium bicarbonate (pH 8.5), trypsin was added (2% weight: weight), and was incubated for 18 h at 37°C. The material was then eluted over a Vydac C4 micropore column at a flow rate of 0.3 mllmin using a gradient from 0-90% acetonitrile in 0. 1 % trifluoroacetic acid over 60 min. Two peaks (# 13 and #17) were rechromatographed with the same system, and the high performance liquid chromatography (HPLC)-purified peaks were then subjected to automated sequence analysis. Search for amino acid homologies with the sequence of the tryptic peptides was performed J Cereb Blood Flow Metab. Vol. 9. No.5. 1989 by the Protein Identification Resource at the National Biomedical Research Foundation (Georgetown Univer sity Medical Center).
Limited proteolysis with S. aureus V8 protease Approximately 100 ILg of bovine brain capillaries or 5 ILg of bovine muscle actin were applied to a 1. 5 mm 14% polyacrylamide slab gel (acrylamide: BIS ratio of 150) along with BioRad low molecular weight markers. Fol lowing SDS-P AGE and Coomassie blue staining, the 46kDa protein and the actin were excised, immersed in water to remove acetic acid, and the gel pieces were soaked in SDS sample buffer for 30 min at room temper ature. The gel pieces were then inserted into individual
14K-- wells of a 1. 5 mm 15% SDS-polyacrylamide gel (acryl amide:BIS of 37.5). The gel pieces were overlaid with 20 f.LI of sample buffer containing 0. 05 f.Lg of S. aureus pro tease, and electrophoresis was performed until the track ing dye was 1 cm from the separating gel (Cleveland et ai., 1977) . The current was stopped for 40 min and then poly acrylamide gel electrophoresis continued. The slabs were stained with the silver technique and then photographed.
Pre-embedding electron microscopic immunocytochemistry
Bovine brain capillary endothelial cells were isolated and grown in primary tissue culture as described previ ously (Pardridge et ai. , 1986) . Following culture for 25 days, the cells were washed and fixed at 4°C for 15 min with 4% paraformaldehyde and 0.5% glutaraldehyde in O. IM cacodylate buffer (pH 7.4) containing 0.1 mg/ml of calcium chloride and magnesium chloride. Following fix ation, the dishes were rinsed and either 1:100 rabbit se rum or 1: 100 rabbit anti-chicken skeletal muscle actin was applied for 60 min at room temperature. Both the rabbit serum and the anti-actin antiserum were absorbed with rat kidney powder as described previously (Pardridge et ai. , 1986) . The dishes were rinsed and then a biotinylated goat anti-rabbit antiserum was applied at a dilution of 1 :30 for 45 min at room temperature, followed by rinsing, and addition of avidan DH and biotinylated horseradish per oxidase (Vectastain ABC Kit), 0.03% diaminobenzidine, and 0.02% hydrogen peroxide in 0.05M Tris (pH 7. 4) for 45 min. The dishes were rinsed three times at 15 min each with the cacodylate buffer and were postfixed with 1% OS04 for 60 min at room temperature. The dishes were rinsed, dehydrated in an ethanol series, and embedded in Spurr for 60 min at room temperature. The Spurr was polymerized overnight at 60°C and vertical thin sections were cut with a diamond knife. The sections were trans ferred to formvar-coated slot grids, coated with saturated uranyl acetate for I h and Reynolds lead citrate for 90 s, and then coated with carbon. The specimens were pho tographed with a lEOL 100CX electron microscope at a magnification of x58,OOO.
RESULTS
Following elution from the slab gel and desalting by Sephadex G-25, the 46kDa protein eluted as a single band on subsequent SDS-PAGE (Fig. 1) . The protein was digested by trypsin and the tryptic pep tides were separated by C4 reverse phase HPLC (Fig. 2) . Peaks #13 and #17 from this run were subsequently HPLC-purified and the amino acid se quences were determined ( Table l) . A computer search indicated that the peptides from both peaks # 13 and # 17 were 100% homologous with the se quences of cytoplasmic actin (Table 1) , and differed by one amino acid from smooth muscle actin (Table  1) . Additional confirmation that the 46kDa protein was actin is given by the amino acid composition analysis, which shows a close homology between the composition of the 46kDa protein and the known amino acid composition of actin (Table 2) .
Since it is conceivable that an actin impurity in the 46kDa protein was being sequenced owing to insolubilization of the major protein during the ex traction, an additional experiment to confirm the identity of the 46kDa protein as actin was per formed. The experiment of limited digestion by S. aureus V8 protease involves transfer of the entire The actin amino acid composition is for human skeletal muscle actin (Hanauer et aI., 1983) .
J Cereb Blood Flow Metab, Vol. 9, No.5, 1989 gel piece containing the 46kDa protein. Therefore, these conditions prevent in solubilization of a major protein during purification. The studies in Fig. 3 indicate that the gel-purified 46kDa protein and the bovine muscle actin have identical peptide maps.
Since it is known that actin is found in the periph ery of endothelial cells under normal conditions (Gabbiani et aI., 1983; Wong et aI., 1983) , studies were performed to localize actin at the plasma membrane of cultured brain capillary endothelial cells. As shown in Fig. 4 , the anti-actin antibody localizes selectively to the plasma membrane of the cultured brain capillary endothelium. Conversely, the control rabbit serum showed no interaction with the cultured endothelial plasma membrane (Fig. 4) .
DISCUSSION
The present studies identify the brain capillary 46kDa protein as cytoplasmic actin, and localize this protein to the plasma membrane of the cultured brain capillary endothelial cell. The observation that the brain capillary 46kDa protein is the most abundant protein identified on Coomassie blue staining of SDS-PAGE separated brain capillary proteins (Pardridge et al., 1986) is consistent with previous data showing that up to 15-20% of total cell protein in eukaryotic cells is actin (Korn, 1982) . Moreover, endothelial cells are known to contain actin at the periphery under normal conditions and to contain multiple cytoplasmic actin stress fibers that are induced under conditions of high shear stress (Gabbiani et aI., 1983; Wong et al., 1983) . The localization of actin to the plasma membrane of brain capillary endothelium is of particular interest, given recent studies showing that actin is associated with the tight junction structures in epithelial cells (Madara, 1987) . Moreover, actin/myosin-mediated contractions in epithelia may regulate tight junction permeability (Madara, 1987) . Conceivably, actin may be similarly intimately involved in regulation of the brain capillary endothelial tight junctions gov erning BBB permeability. However, definitive lo calization of actin to brain capillary endothelial tight junctions remains to be reported. The identification of the brain capillary endothe lial 46kDa protein as cytoplasmic actin can now be reconciled with previous studies from this labora tory employing a rabbit antiserum specific to brain capillary endothelium (Pardridge et aI., 1986) . This antiserum was directed against a bovine brain cap illary plasma membrane fraction and, after absorp tion with rat liver powder and rat kidney powder, the antiserum was found to bind only brain capillary endothelium, and not neurons or glia and not endo thelia in organs such as heart, liver, or kidney. The antiserum also selectively immunoprecipitated a protein of approximately 46kDa molecular weight following reaction of the antiserum with iodinated bovine brain capillary plasma membranes (Par dridge et al., 1986) . Recent western blot studies from this laboratory (Pardridge et aI., submitted for publication) indicate that the antiserum prepared does not immunoprecipitate brain capillary actin, but rather selectively immunoprecipitates a 40-53kDa triplet of brain capillary proteins that comi grate with actin on SDS-PAGE gels. The use of Western immunoblotting provides much greater resolution and allows for separation of the 40-53kDa triplet from brain capillary actin, whereas previous studies using 1251 autoradiography, with its poorer resolution, could not separate these four proteins (Pardridge et al., 1986) .
STAPH va LIM ITED PROTEOLYSI S
In summary, the present experiments extend pre vious studies (Pardridge et aI., 1986) regarding the identification of proteins that are both abundant in brain capillary endothelium as well as selectively localized to the brain capillary endothelium. The present results show that the brain capillary 46kDa protein actually has a molecular weight identical to that of actin, which is 42,000 Da, and is identical to cytoplasmic actin on the basis of amino acid se quencing of two tryptic peptides and identical pep tide maps following limited S. aureus V8 protease digestion. These studies highlight the possible role of cytoplasmic actin in the response of brain capil lary endothelium to sheer stress associated with changing cerebral hemodynamics. Moreover, based on recent studies showing that actin is intimately involved in regulating epithelial tight junction per meability (Madara, 1987) , the finding of abundant actin in brain capillary endothelium suggests that a similar phenomenon may take place in the brain microvasculature.
